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Abstract Degenerate oligonucleotide primers, designed

based on conserved regions of several serine-threonine

kinases (STK) previously cloned in tomato and Arabid-

opsis, were used to isolate STK candidates in wild and

cultivated strawberries. Seven distinct classes of STKs

were identified from three related wild species, i.e., Fra-

garia vesca, Fragaria chiloensis, and Potentilla

tucumanensis, and seven different Fragaria 9 ananassa

cultivars. Alignment of the deduced amino acid sequences

and the Pto R protein from tomato revealed the presence of

characteristic subdomains and conservation of the plant

STK consensus and other residues that are crucial for Pto

function. Based on identity scores and clustering in phy-

logenetic trees, five groups were recognized as Pto-like

kinases. Strawberry Pto-like clones presented sequences

that were clearly identified as the activation segments

contained in the Pto, and some of them showed residues

previously identified as being required for binding to

AvrPto. Some of the non-Pto-like kinases presented a high

degree of identity and grouped together with B-lectin

receptor kinases that are also involved in disease resistance.

Statistical studies carried out to evaluate departure from the

neutral theory and nonsynonymous/synonymous substitu-

tions suggest that the evolution of STK-encoding

sequences in strawberries is subjected mainly to a purifying

selection process. These results represent the first report of

Pto-like STKs in strawberry.
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Introduction

The strawberry is an important horticultural crop in many

tropical, subtropical, and temperate areas, and its production

has increased from 0.75 mt (million tons) in 1961 to more

than 3.5 mt in 2004 (FAO of the United Nations). Straw-

berry crop values, based on gross return per hectare, are

among the highest of agricultural commodities. Neverthe-

less, yields are strongly threatened by fungal diseases and

pests, forcing the intensive use of chemical products to

control them. This scenario places the sustainability and

environmental impact of strawberry production under seri-

ous concern by health and environmental agencies due to the

use of pesticides containing volatile organic compounds

such as methyl bromide (Morrisette 1989). The main strat-

egy used by plants to defend themselves against attack of

pathogens is the hypersensitive response (HR). This reaction

is characterized by localized and rapid cell death around the

site of infection (Martin et al. 2003), which is usually fol-

lowed by a further secondary resistance reaction, termed

systemic acquired resistance (SAR), induced in distal non-

infected tissues (Ryals et al. 1996). The basis of plant

disease resistance involving HR was early explained by Flor

(1956), who proposed a gene-for-gene model that implies

the interaction of a specific pathogen avirulent gene product

(Avr) with a plant dominant resistance gene product (R).
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Resistance gene-mediated breeding is the most suitable

strategy to control diseases. Sources of resistance to the most

devastating crop pathogens (i.e., genera Colletotrichum and

Botrytis) are well documented (Smith and Black 1990;

Denoyes-Rothan et al. 2005), and molecular markers of

disease resistance in strawberry have been reported (Haymes

et al. 1997; Lerceteau-Kohler et al. 2002). However, resis-

tance breeding in commercial strawberries is difficult

because of the octoploid genetic structure. Alternatively

Agrobacterium-mediated genetic transformations have been

developed, with the aim of incorporateing resistance traits

(Vellicce et al. 2006; Qin et al. 2008), but no strawberry R

gene has been isolated so far.

Recently, an increasing number of plant disease resistance

(R) genes from different species have been identified by

transposon tagging or map-based cloning. Sequence com-

parisons among these genes revealed a remarkable

conservation of structural features despite the diversity of the

pathogens they interact with (Martin 1999; Ellis et al. 2000).

Hammond-Kosack and Jones (1997) have classified R genes

into eight classes based on the presence of conserved

domains, namely, leucine-rich repeats (LRRs), nucleotide

binding sites (NBSs), leucine zippers (LZs), and protein

kinases (PKs). The most prevalent class of cloned genes is

the NBS-LRR class (McHale et al. 2006), which can be

categorized into the TIR and non-TIR subclasses, based on

the presence of an N-terminal domain with homology to the

receptors of the animal innate immunity factors Toll and

interleukin-1 (Parker et al. 1997) and the presence of an LZ

motif, respectively (Pan et al. 2000; Dangl and Jones 2001).

The tomato Pto gene belongs to another R gene family

characterized as presenting a serine-threonine kinase (STK)

domain. Pto is the first plant R gene cloned that functions in a

gene-for-gene manner (Martin et al. 1993) and encodes a

cytoplasmic STK that interacts with the avirulence proteins

avrPto and avrPtoB from Pseudomonas syringae pathovar

tomato conferring HR-mediated resistance (Kim et al.

2002). Transgenic tomato plants overexpressing Pto under a

strong promoter (35S) displayed AvrPto-independent resis-

tance not only to Pseudomonas strains but also to many other

bacterial and fungal pathogens (Tang et al. 1999), making

the Pto gene an important candidate for broad-spectrum

resistance molecular breeding. Although proteins with STK

domains may also be involved in other cellular processes

such as cell growth and development (Rudrabhatla et al.

2006), the STK domain of Pto-like proteins evolved differ-

ently and groups separately in phylogenetic trees (Vallad

et al. 2001).

The LRR sequences mentioned above are known to be

involved in protein-protein interactions and are the logical

candidates for mediating the recognition of Avr molecules

(Fluhr 2001). In this regard the Pto gene is unique among the

cloned R genes, for it lacks the LRR motif, although it interacts

directly with AvrPto as reported by Scofield et al. (1996).

Nevertheless, Pto-mediated resistance requires an LRR pro-

tein that is encoded by the Prf gene located within the Pto

locus. Perhaps Pto and AvrPto form a complex that is able to

interact with Prf (Scofield et al. 1996; Kim et al. 2002).

Analysis of the Pto sequence revealed nine major con-

served subdomains (I–IX) that are important for catalytic

activity. The activation domain, between amino acid 182

and amino acid 211, contains residues that play a key role

in recognition and interaction with other proteins (Sessa

et al. 2000a, b). The most important residues are T204 and

Y207 (inside the P + 1 loop), because they are required for

the specific recognition and binding of Pto-AvrPto (Fred-

erick et al. 1998). The activation domain also contains four

autophosphorylation sites that appear to be required for

kinase activity or physical interaction with proteins.

Among these, the residue S198 is required for elicitation of

the HR (Sessa et al. 2000b).

The evolution of plant genomes is characterized by the

occurrence of multiple gene duplication events that may

occur through unequal recombination. Like other plant

genes, R genes are members of multigene families, sug-

gesting that gene duplication and subsequent diversification

are usual mechanisms in plant R gene evolution (Richter and

Roland 2002). The Pto gene belongs to a small gene family,

consisting of six members spanning a 60-kb region on tomato

chromosome 5 (Martin et al. 1993). Pto paralogues share

78–91% nucleotide identity with Pto, and although most of

these paralogues are functional PKs, none of them encode

recognition of avrPto and avrPtoB (Chang et al. 2002; Kim

et al. 2002). It is presumed that duplication and diversifica-

tion of the Pto gene family have led to the generation of

alternative recognition specificities. One member of this

family, the Fen gene, encodes for an STK that is 87%

identical to Pto and participates in the same signal trans-

duction pathway leading to HR, but is activated by a different

signal (Martin et al. 1994; Loh and Martin 1995).

Many studies have been carried out to test the hypoth-

esis of host-parasite coevolution and functional adaptation

of the Pto gene. Rose et al. (2007) studied sequence vari-

ation among Pto alleles of seven species of wild tomato

(Lycopersicon) in comparison to the variation observed at

14 non-R-gene loci. Among the Pto alleles, they found

higher levels of nonsynonymous and similar levels of

synonymous polymorphisms compared to the non-R-gene

loci, suggesting that these changes may be mediated by

pathogen selection. However, they detected a lower fre-

quency of amino acid substitutions that negatively affect

Pto function compared to silent polymorphisms. They also

observed that a larger proportion of the Pto protein can

tolerate more amino acid variation than the non-R genes

and concluded that it is possible that the diversity observed

is neutral with respect to Pto function. The latter further
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suggests that the evolution of the Pto locus may be influ-

enced by a mixture of both purifying and balancing

selection (Rose et al. 2007).

Bernal et al. (2005), by means of DNA-shuffling

experiments of Pto and four of its paralogues, generated

chimeric Pto proteins and studied their ability to recognize

AvrPto and AvrPtoB. In those experiments they identified

amino acid positions such as Ser76 and Gly78 that were

critical for the recognition specificity. Since particular

amino acid substitutions in Pto can change the recognition

pattern, enabling differentiation of these two avirulence

proteins, it is possible that the amino acid variation among

Pto alleles could be maintained by quantitative or quali-

tative specificity differences or binding ability to AvrPto,

AvrPtoB, or other avirulence proteins. This ‘‘multiple

recognition’’ ability may be a consequence of the host’s

adapting to recognize different pathogen effector mole-

cules. This evolutionary scenario could be important in the

case of this class of R genes that directly interact with the

Avr gene product (Bernal et al. 2005).

Recently, use of the polymerase chain reaction (PCR)

with degenerate primers targeted at short conserved

domains proved to be an efficient method to identify R-

gene homologues. This method has been used succesfully

in potato (Leister et al. 1996), soybean (Yu et al. 1996;

Kanazin et al. 1996), lettuce (Shen et al. 1998), Arabid-

opsis thaliana (Speulman et al. 1998; Aarts et al. 1998),

and Brassica spp. (Joveux et al. 1999), among many oth-

ers, to isolate the NBS-LRR type of R genes. Also, using

the same approach, Pto-like sequences have been isolated

from Solanum (Vleeshouwers et al. 2001), bean (Vallad

et al. 2001), and banana (Peraza-Echeverrı́a et al. 2007).

In our laboratory, using degenerate primers designed by

Leister et al. (1996), we have isolated and characterized

NBS-LRR analogues from wild and cultivated strawber-

ries. However, this experimental approach failed to detect

any representative of this gene family in some cultivars of

Fragaria 9 ananassa and some of the wild relatives

present in our bank (Martı́nez Zamora et al. 2004).

The aim of this work was, therefore, to move one step

forward in the investigation of strawberry R genes by cloning

STK sequences from wild and cultivated strawberries, to

identify putative Pto orthologues and study their molecular

features, evolution, and phylogenetic relationships.

Materials and Methods

Plant Material and DNA Extraction

DNA from Fragaria 9 ananassa cultivars Camarosa,

Gaviota, Oso Grande, Sweet Charlie, Pájaro, Milsei Tudla,

breeding line US159 (Galletta et al. 1993), and specific

accessions of the related wild species Fragaria vesca, Fra-

garia chiloensis, and Potentilla tucumanensis were used for

Pto-RGA isolation. Genomic DNA was extracted from

young leaflets using the GenElute Plant Genomic DNA

Miniprep Kit (Sigma).

Degenerate PCR

Degenerate PCR primers used were those designed by Vallad

et al. (2001) based on conserved regions of amino acid identity

between the STKs Pto, Fen, and Pti1 from tomato and MHK

and APK1 from Arabidopsis thaliana. Primer sequences were

P3 (subdomain I), 50- TNGGNSANGGNGKNTTYGG-30, and

P2R (subdomain IX), 50- ACNCCRAANGARTANACRTC-

30. PCRs were carried out in a total volume of 50 ll containing

200 ng of template DNA, 50 mM KCl, 10 mM Tris-HCl (pH

8.4), 2 mM MgCl2, a 5 lM concentration of each primer, a

0.3 mM concentration of each dNTP, and 2 U of Taq DNA

polymerase (Promega, Madison, WI, USA). PCR was per-

formed in a PTC-100 thermal cycler (MJ Resarch, Inc.).

Cycling conditions included an initial denaturation step of

3 min at 95�C, followed by 35 cycles of 45 s of denaturation at

95�C, 45 s of annealing at 45�C, 1 min of elongation at 72�C,

and a final extension step of 18 min at 72�C. Different con-

centrations of genomic DNA and primers were tested to

optimize the reaction.

Cloning and Sequencing of PCR Products

Amplification products were separated by electrophoresis on

1.5% TBE-agarose gels and stained with ethidium bromide

for visualization. Bands were excised from the gel and

purified using the GFX PCR DNA and Gel Band Purification

Kit (Amersham Biosciences, UK). Each purified band, pre-

sumably containing different products of similar sizes, was

cloned using the pCR2.1 plasmid of the TopoTA Cloning Kit

(Invitrogen) following the methods recommended by the

manufacturer and transformed into Escherichia coli DH5-a
competent cells. Ten recombinant bacterial colonies

obtained from each ligation event were isolated. Recombi-

nant plasmid was extracted using the Wizard plus SV

Minipreps DNA Purification System (Promega) and digested

with EcoRI to verify the presence of the expected insert.

Sequences of PCR products were determined using an ABI

Prism 377 DNA sequencer (Applied Biosystems, Foster

City, CA, USA). The nucleotide sequences of strawberry

STKs have been deposited in the GenBank Database under

accession numbers EU272664–EU272674.

Sequence Edition, Similarity Searches, and Alignments

Clones were trimmed of vector sequence contamination

using VecScreen at NCBI, and the ORF finder program
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was used to search ORFs of strawberry STK (http://

www.ncbi.nlm.nih.gov/). Assembly of DNA sequences and

translation to the predicted amino acid sequence were

performed using the DNAMAN software (version 4.03),

and intron search (putative splicing sites) was performed

with the NETPLANTGENE program (Hebsgaard et al.

1996). Identity of STKs from strawberry was confirmed by

comparisons of DNA and amino acid sequences with the

GenBank NR database using BLASTX and BLASTP

(Altschul et al. 1990) algorithms. Determination of con-

served structural motifs in STK sequences was carried out

with PROSITE (Hofmann et al. 1999).

Evolutionary Analysis

Multiple sequence alignments were performed with Clustal X

(Thompson et al. 1997) and edited with the BOXSHADE

server (version 3.21; http://www.ch.embnet.org/software/

BOX_form.html). A codon-based DNA alignment was con-

structed and manually checked for molecular evolutionary

analysis. Rates of synonymous versus nonsynonymous sub-

stitution were calculated using the Nei-Gojobori method

(1986) with the SNAP program via http://www.hiv-web.

lanl.gov/SNAP/WEBSNAP/SNAP.html (Korber 2000).

GeneConv software (http://www.math.wustl.edu/*saw

yer/geneconv) was used to identify apparent gene conver-

sion events (Sawyer 1989). GeneConv compares an

alignment of at least three nucleotide sequences, identifies

sites of paralogous variation among them, and, for each

pair, measures the length of stretches of shared variants.

The length of these stretches is compared to a simulated

distribution (10,000 iterations) of the same number of

sequences with a similar average density of variation and

used to calculate a Bonferroni-corrected p-value. A low p-

value indicates a high probability that gene conversion

occurred. Two neutrality tests (Tajima’s [1989] D, Fu and

Li’s [1993] D) were applied with the DNASP computer

program version 3.14 (Rozas et al. 2003) to find evidence

of positive selection in our candidate gene set.

The amino acid alignments were tested for phylogenetic

information by the least biased maximum likelihood (ML)

approach with the TREE-PUZZLE software package

(Schmidt et al. 2002) using the Dayhoff amino acid sub-

stitution model (Dayhoff et al. 1978). This package was

used because it allowed us to incorporate the among-site

rate variation and gamma-distributed rates of heterogeneity

among sites into the model. Transition/transversion

parameters and amino acid frequencies were inferred from

the data set. Branches were calculated without the molec-

ular-clock assumption. Quartet puzzling with 10,000

puzzling steps was applied to choose from the possible tree

topologies and to simultaneously infer support values for

internal branches.

Results

Isolation of Pto-Like Resistance Gene Analogues

from Strawberry

Amplification of cultivated and wild strawberry genomic

DNA with the degenerate primers designed by Vallad et al.

(2001) generated main fragments of about 550 bp and fa-

inter bands of a size between 900 and 950 bp. Although the

first corresponded to the expected size, we decided to clone

both fragments. We observed similar banding patterns in

all Fragaria 9 ananassa cultivars and all wild strawberry

accesions. Cloning and characterization of these amplicons

revealed that each band included many STK sequences. Of

the 75 putative strawberry STK clones sequenced, 67 had

significant BLAST hits in the GenBank NR Database to

STK genes and Pto-like RGAs from other species such as

Rosa spp., Vitis spp., and Arabidopsis showing high levels

of identity (Table 1). One clone presented a sequence

coding a putative ORF with homology to many members of

the Regulator of Chromosome Condensation (RCC1)

family with up to 81% identity. Thirty-six of these 67 STKs

had potential stop codons and/or frame shift mutations,

whereas the other 31 presented uninterrupted ORF. No

putative splicing sites were detected in these clones.

Diversity Analysis of Strawberry STKs

A diversity analysis of strawberry STKs was performed

with the 31 nucleotide sequences selected. Nucleotide

sequence identity among strawberry STKs ranged between

23% and 100%, while amino acid identity ranged from

39% to 100%. Compared to the tomato Pto protein, amino

acid identity ranged from 27% to 46%. Additionally,

strawberry sequences showed the highest BLAST scores

compared with the STKs identified in other plant species,

as reported in Table 1. Strawberry STK amino acid

sequences were subjected to phylogenetic analysis using

the ML approach, along with the corresponding region of

the tomato Pto protein and four of its paralogues (Fig. 1).

The tree shows that most strawberry STKs, including

representatives of the cultivated and wild species (except

Fragaria vesca), grouped in five Pto-like classes (i.e., A–

E), and the Pto and paralogues grouped together in a sep-

arate class constituting a Pto clade. Class F was composed

by members of Potentilla tucumanensis and Fragaria

vesca, and class G was composed of clones [900 bp long

only, and was used to root the phylogenetic tree. Classes B

and C included the majority of Pto-like sequences, but

since all clones presented [97% identity, they were con-

sidered redundant, and only one clone was chosen to

represent these classes. Based on the latter criterion, 11
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individual clones were selected for codon-based DNA

alignment and further evolutionary analysis.

The average nonsynonymous-to-synonymous substitu-

tion ratio (Ka/Ks) among triplets encoding the same amino

acids determined by SNAP was 0.17. Using GENECONV

no statistically significant regions of gene conversion were

identified (Sawyer 1989), suggesting that recombination is

unlikely to occur within these DNA fragments. Accord-

ingly, we applied the Tajima and the Fu and Li tests of

selective neutrality, both based on the infinite-site model

without recombination and appropriate for short DNA

sequences. As indicated by D statistics and their p-values

(DT = -0.52, p [ 0.294, and DF = 0.68, p [ 0.213), no

significant departure from neutral expectations was

observed. Taken together, these results indicate that, at the

molecular level, natural selection may be acting to remove

deleterious mutations (e.g., purifying selection).

Multiple Amino Acid Sequence Alignment and

Phylogenetic Analysis

The region between subdomain I and subdomain IX was

used to generate a Clustal X multiple-amino acid sequence

alignment between the tomato Pto, Fen, and Pti1 proteins

and the deduced amino acid sequence of strawberry STKs

(Fig. 2). The alignment revealed the conservation of all

subdomains expected for a STK fragment isolated with

primers P3 and P2R and identified specific residues. The

plant STK consensus (Hanks and Quinn 1990) was highly

conserved with the exception of G228 in ptoCAM-7, P210

in both representatives of class F (ptoPOT-16 and ptoVES-

3), and D182 and G184 in ptoPot-12 from class G. Of the

four autophosphorylation sites inside the activation domain

(Sessa et al. 2000b), S198, which is required for elicitation

of HR, T195, and T199 are fully conserved in strawberry

STKs except for classes F–G, therefore they were consid-

ered non-Pto-like STKs. The Pto (T190)

autophosphorylation site was replaced by proline in some

of the strawberry STKs (Fig. 2).

The evolutionary relationships of strawberry STKs were

investigated using phylogenetic reconstructions using the

ML approach. To generate a plant a PK phylogenetic tree

we performed a Clustal X alignment with the 11 STKs

sequences from strawberry, Pto, Fen, and Pti1 from tomato,

36 STKs sequences from A. thaliana characterized by

Hardie (1999), and sequences from various plant species

that had the best Blast hits against strawberry STKs. The

phylogenetic tree constructed based on this alignment

confirmed that the seven strawberry sequences from classes

A–E clustered with tomato Pto R protein, its paralogue

Fen, and Pto-like sequences from both monocot and dicot

species, supporting the designation of these sequences as

Pto-like STKs (Fig. 3). The tomato Pti1 kinase is an STK

that interacts with Pto but is not a Pto paralogue (Zhou

et al. 1997) and is located outside the main group, as

expected.

Regarding the non-Pto-like STK sequences included in

class F, results show that they display a high identity to

putative lectin receptor-like kinases (LecRLKs) from many

species and cluster with a characterized LecRLK from

Populus nigra, the PnLPK protein (Nishiguchi et al. 2002).

Recently, rice LecRLK gene Pi-d2, which confers resis-

tance to Magnaporthe grisasea, was cloned and

characterized. The latter encodes a receptor-like kinase

protein with a predicted extracellular domain of a bulb-type

mannose specific binding lectin (B-lectin) and an

Table 1 Similarity among serine/threonine kinases (STKs) from strawberry and other species

Strawberry STK Highest BLAST P-score Identity (%) Similarity (%) e-value

ptoOSO-7 ABV30718; kinase-like protein 88 93 2e-90

(A) Prunus serrrulata

ptoPAJ-1 CAO44912; hypothetical protein 85 93 6e-93

(B) Vitis viniferm

ptoCAM-7 AT28297; Pto-like PK 95 98 2e-96

(C) Rasa roxburghii

PtoCHILO-4 CAN77769; hypothetical protein 92 95 2e-93

(D) Vitis vinifera

ptoPOT-6 ABV30731; kinase-like protein 89 94 1e-85

(E) Prunus avium

ptoPOT-16 CAN70210; lectin PK (putative) 78 91 9e-76

(F) Vitis vinifera

PtoVES-8 BAE98939; receptor-like PK 73 85 5e-124

(G) Arabidopsis thaliana

Note: PK, protein kinase. Capital letters in parentheses (A–G) correspond to different strawberry STK classes
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intracellular STK domain, and it was classified as a novel

class of the plant R genes (Chen et al. 2006). Finally,

sequences of the 920-bp clones (included in class G) were

highly identical and grouped together with the STK

domains of many S-receptor like PKs which are known to

be involved in the sporophytic self-incompatibility

response in Brassica, one of probably many molecular

mechanisms by which hermaphrodite flowering plants

avoid self-fertilization (Cui et al. 2000).

The sequence characteristics and amino acid residues

that proved to be involved in Pto-AvrPto recognition or

binding were also compared. The Pto activation domain,

located between subdomain VII and subdomain VIII, was

present in strawberry Pto-like STKs, and its activation

segment (the P + 1 loop) is highly conserved (Fig. 2).

Further analysis of the Pto-like sequences (classes A–E

shown in Fig. 1) is summarized in Table 2. Three of the

key residues, K202, Y207, and D209 (in the P + 1 loop),

that influence binding properties between Pto and AvrPto

are conserved in all strawberry sequences (Frederick et al.

1998). The Pto T204 residue, involved in recognition

specificity, is replaced by a serine in all other STKs

(Table 2). Residues V55 and H94, important in the inter-

action with AvrPto, are fully conserved in strawberry Pto-

like sequences (Scofield et al. l996). On the other hand,

residues S76 and G78, involved in Avr protein binding

specificity (Bernal et al. 2005), present different degrees of

conservation, whereas G78 is fully conserved, and S76

presents a degree of variation similar to that observed in

Pto and its paralogues. Finally, all strawberry sequences

show an insertion of three amino acids at position 159 of

the Pto protein (Table 2).

Discussion

Using the combination of degenerate primers P3 and P2R,

designed to anneal the sequence of subdomains I and IX of

the serine/threonine domain of tomato and Arabidopsis, we

were able to isolate and clone seven unique Pto-like

sequences and four other STK sequences from wild and

cultivated strawberries. The number of unique Pto-like

sequences obtained is lower than that of NBS-LRR

sequences previously isolated in our lab (Martı́nez Zamora

et al. 2004). Nevertheless, we may hypothesize that the

Pto-like clones isolated in this study represent a significant

proportion of the total number of these sequences in the

strawberry genome, since there is evidence that the 15 Pto-

like sequences identified in the Arabidopsis genome rep-

resent approximately 10% of the NBS-LRR type of

resistance proteins (http://www.niblrrs.ucdavis.edu).

All predicted products of cloned strawberry sequences

of the STK class contain nine subdomains (I–IX) and the

plant STK consensuses are fully conserved in the Pto-like

families, suggesting that they are likely to encode active

kinases. Additionally, key residues of the corresponding

activation domain in tomato Pto are highly conserved,

especially Y207, present in all strawberry STKs. Pedley

and Martin (2003) reported that mutation of this residue

Fig. 1 ML phylogenetic tree computed with TREE-PUZZLE, based

on the alignment of the deduced amino acid sequences of strawberry

STKs, the tomato Pto R protein, and its paralogues (GenBank

accesion number AF220602). Branches corresponding to strawberry

STK classes are labeled A to G. Fragaria 9 ananassa cultivars:

CAM, Camarosa; PAJ, Pajaro; OSO, Oso Grande; US, line US159.

Accessions of the wild species: VES, F. vesca; CHILO, F. chiloensis;

POT, Potentilla tucumanensis. The tree was rooted with class G,

composed of clones[900 bp long. Values on tree branches represent

the PUZZLE support values, estimated by quartet puzzling (QP) tree

search and expressing the QP reliability as a percentage
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Fig. 2 Clustal X multiple-amino acid sequence alignment of straw-

berry STKs with the corresponding region of tomato R proteins Pto,

Fen, and Pti1. Conserved subdomains (labeled with roman numerals),

activation domain, and P + 1 loop are indicated. Kinase consensus

sequences in Pto at positions 48, 50, 55, 69, 84, 164, 166, 169, 182,

184, 210, 211, 223, and 228 are indicated by asterisks. Pto

autophosphorylation sites are indicated by circles
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abolished Pto-avrPto interaction in yeast hybrid system

assays.

All strawberry Pto-like sequences were closely related

to Pto and Fen, but the higher identity scores were found

against other Pto-like candidates from both monocots and

dicots (Table 1). The fact that strawberry Pto-like STKs

were more closely related to Pto-like kinases of other

species than to each other reveals that orthologues are more

similar than paralogues, suggesting that these kinases share

a common evolutionary origin (Bogdanove 2002). This

finding, together with the fact that Pto-like sequences

clustered with both monocot and dicot Pto-like STKs,

raises the possibility that the origin of this kind of PK

occurred prior to the divergence between monocot and

dicot plants.

The source of genetic variation within R genes has been

the subject of a great deal of speculation. Different genetic

mechanisms have been proposed for the evolution of R

genes, such as recombination, unequal crossing-over, gene

conversion, and point mutations (Michelmore and Meyers

1998). Pto analogues from wild and cultivated strawberry

species showed considerable variation.

The ratio of nonsynonymous-to-synonymous substitu-

tions \1 and the fact that no recombination was detected

by GENCONV analysis indicated that the gradual accu-

mulation of point mutations is the primary force generating

variability. All these results suggest that the sequences may

be subjected to purifying rather than diversifying selection,

although we cannot rule out that positive selection could

have been detected if we had included other segments of

the protein sequences.

Additionally, neutrality tests failed to detect evidence of

nonneutral evolution in these strawberry genes. Other

indications that purifying selection may be operating on

Fig. 3 Plant protein kinase tree inferred by ML analysis with the

TREE-PUZZLE software. The tree was derived from comparison of

the derived amino acid sequences of strawberry serine/threonine

kinases (STKs; gray circles), 36 previously characterized STKs from

A. thaliana (Hardie 1999), Pto, Fen, and Pti1 R proteins from tomato

(black squares), and putative STKs and Pto-like candidates from

Arabidopsis (BAE98939, CAB62020, NP196615), Vitis (CAO61828,

CAN64356), Prunus (ABV30718, ABV30731), Rosa (AAT28297),

Brassica (AAZ66951), Capsicum (AAQ82660), Cucumis
(AAL83882), Musa (ABR68648), Oryza (EAZ36867), Triticum
(AAL51075), Zea (CAA09029), and Populus (PnLPK). As by Vallad

et al. (2001), the Drosophila STK Pelle was used to root the tree.

Values on tree branches represent the PUZZLE support values

Table 2 Comparison of strawberry Pto-like sequences with Pto and

four of its paralogues

Aa Bb Indelc 159 Ed

55 94 76 78 202 204 205 207 209

PTO V H S G K T L Y D

FEN V H S G R N I Y A

LpimPth2 D H P G Q S I Y D

LpimPth3 V H Q S K T F Y D

LpimPth4 V H S G K T L Y D

ptoPAJ-1 V H E G ARW K S F Y D

ptoCAM-7 V H E G ARY K S F Y D

ptoPOT-5 V H S G ATG K S F Y D

ptoOSO-7 V H S G AKC K S F Y D

ptoPOT-6 V H K G SEK K S F Y D

ptoUS-10 V H K G SEK K S F Y D

ptoCHILO-4 V H Q G DAK K S F Y D

a Residues V55 and H94, identified as important for resistance by

ethyl methane sulfonate mutagenesis (Scofield et al. 1996)
b Residues S76 and G78, identified by the DNA-shuffling approach,

provide specificity in binding AvrPtoB but do not affect binding to

AvrPto (Bernal et al. 2005)
c Indel, insertion-deletion
d Positions inside the P + 1 loop that are important for AvrPto

binding specificity, identified by swaps between Pto and Fen together

with site-directed mutagenesis (Scofield et al. 1996; Frederick et al.

1998) and by alanine substitution analysis (Rathjen et al. 1999)
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this type of R gene are the natural variation of Pto and the

structure/function relationships among Pto and other

kinases. The catalytic core of kinases consists of 12 unin-

terrupted subdomains folded into a bilobal structure (Hanks

and Hunter 1995), 9 of which are fully conserved in the

cloned portion of strawberry STKs. Additionally, of the

*300 residues, 12 are essentially invariant among kinases,

as observed among strawberry clones. Furthermore, func-

tional studies of the Pto protein and its paralogues showed

that almost 90% of the positions that knock out Avr rec-

ognition and/or signaling are invariant among alleles from

natural populations (Sessa et al. 2000b; Wu et al. 2004; De

Vries et al. 2006). Bernal et al. (2005) reported that the

correlation between phenotypes and variation generated by

DNA shuffling was similar to the natural variation

observed between orthologues of Pto from Lycopersicon

spp. Nevertheless, the P + 1 loop appears to be the region

that experienced maintenance of polymorphism as long as

the residues were hydrophobic or positively charged amino

acids (Rose et al. 2007). In Pto, perturbing the activation

segment by substituting the phosphorylated residues at

positions 204, 205, and 207 with negatively charged amino

acids, such as aspartic acid and glutamic acid, resulted in

constitutively elicited cell death (Rathjen et al. 1999). We

may speculate that this ‘‘polymorphism maintenance’’

could contribute to preventing Avr from escaping detection

by Pto (Dangl and Jones, 2001).

Using an ethyl methane sulfonate mutagenesis approach,

Scofield (1996) characterized residues V55 and H94 and

showed that mutations at these positions disrupted the

interaction Pto-AvrPto in yeast and abrogated Pto-medi-

ated resistance. Table 2 reports that the latter residues are

fully conserved in Pto-like strawbery clones.

Bernal et al. (2005) also identified, by DNA shuffling,

residues that are involved in binding specificity to AvrPtoB

but do not affect binding to AvrPto. Of these residues, G78

but not S76 is conserved in all strawberry sequences. This

finding is consistent with previous results (Bernal et al.

2005) suggesting that residue S76 is subjected to divergent

selection as determined by ML analysis of several Pto

orthologues and paralogues. Results summarized in

Table 2 also show that the strawberry Pto homologues

present fewer polymorphisms at the indicated residues than

Pto and its paralogues, suggesting that convergent pro-

cesses prevail over divergent ones. Attempts to test

whether the strawberry Pto-like genes support the

hypotheses about how the guardian hypothesis operates

were inconclusive, as the sequences assumed to be

involved in the recognition of Avr protein present a rather

high degree of conservation and, therefore, may not pre-

vent Avr from escaping recognition.

Finally, Vleeshouwers et al. (2001) analyzed the phy-

logenetic relationships between 32 Pto-like sequences from

six Solanum species together with tomato Pto, Fen, and

other Pto-like sequences from many plant species. Based

on the amino acid identity and distribution of insertions and

deletions (indels), they distinguished nine STK classes.

Class IX, containing all Pto homologues from non-solanum

species, was distinguished by a three-amino acid insertion

at position 159 of the Pto protein. We also observed a

similar indel motif at the same position in strawberry

sequences. This information suggests that the three-amino

acid ‘‘indel’’ may have occurred prior to the divergence of

solanaceous from other species. Thus, the Pto gene family

as a whole is ancient and diverse.

In summary, homology-based PCR cloning of STK

sequences proved to be succesful in strawberry and its

related wild species. Also, this finding represents the first

report of Pto-like candidates in strawberry. Taken together,

these results provide the first insight into strawberry STKs,

and their structure and evolution, and uncover a set of Pto-

like candidates of potential use in genetic mapping and

RNA interference functional essays.
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